Renal mechanisms for the conservation of base by Bishop, David W.
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Dissertations and Theses (pre-1964)
1945
Renal mechanisms for the
conservation of base
https://hdl.handle.net/2144/25990
Boston University
RENAL MECHANISMS FOR THE CONSERVATION OF BASE 
.. ·""' 
Dayid W. Bishop 
Boston University School. of Medicine 
-, 
Medicine iii 
.• ;>< 
l' 
. ·f~j} 
-·-·.,·,....::·.:~· -·~ 
~~-~~:; .>~~:.i. 
~ • ~-·-- '" .-7' ·-
. ·2;~ii~:-~ 
This paper is in no w!y ~intended to be an 
exhaustive review of the literature. It 
is an attempt on the part of the writer to 
understand more fully the mechanisms where-
by the excretion of an acid urine effects a 
conservation of base. Also included is a 
survey of the literature relating to the 
site of ammonia formation and the precursor 
of urinary ammonia. No attempt :tas been made 
to relate changes in the urine to physio-
logical or pathological variations in acid-
base balance, since this phase has been ad-
mira blg covered in Gamble' a monograph and in 
his earlier work. Included in the biblio-
graphy are several references which are not 
specifically considered in the text ( 12, 17 
18, 31, 32, 64, 65). 
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More than eighty years ago Claude .Bernard stated that ttall 
vital mechanisms~ however varied they may be 1 have but one object, 
. 
that of preserving constant the conditions of life in the internal 
environment". This concept of the 'milieu interieur' is today one 
·or the dominating precepts of physiology. The maintenance of a 
constant internal environment appears to be ultimately a renal func-
tion b!;lt the kidney must in this respect be regarded as much more 
than an excretory organ. . Its activities are pursued with a fine 
selective discr~mination that is uncanny and in many instances ita 
efforts are exerted chiefly in preventing excretion. "The study 
of renal function, therefore, requires examination of the conserv-
ative as well as the exctetory reactions of the kidneys and the mo-
tives by which they are activated as well as the dimensions of their 
activities." (Peters) 
One of the most constant threats to the stability of the 
internal environment is that of acidosis - a reduction of the total 
base concentration and the alkaline reserve and an increase in H-ion 
concentration.:: .. ·Throughout the body, while life exists, there occurs 
a regular formation of acid sulzistances, excretory products of metab-. 
olism. The action of the bicarbonates and buffers of the .blood in 
neutralizing these acids immed1at~ly as they are formed is indeed a 
most important safeguard for the organism; but no matter how effi-
cient such bu.ffering:~ay b~ within the -body it is only the first 
stage in the excretion of acid. The usual human diet is such that 
,· ..... -.': .. -· 
2. 
the acid products of metabolism exceed the basic by an appreciable 
amount and there 1s thus a constant factor operating to lower the 
unvarying reaction of the body. The excretion of fixed acids as 
their salts involves the s 1multaneous remo·va 1 of basic substances. 
In itself this would tend to reduc~ the total concentration of base 
in the body fluids but it is here that ammonia and the buffer a<ltion 
of the urinary salts play an important role. 
Of the acids which, in the normal process of metabolism, are 
continually formed within the cells, carbonic acid is quantitatively 
by far the most prominent. Its daily production amounts to over 20 
mols, which is ma9y times the total available base within the body, 
but because of its high volatility it is eliminated by the lungs as 
carbon dioxide. It is thus apparent that by far the largest fraction _ 
of the acid products of metabolism is removed from the body without 
expenditure of base. 
Of the other acids produced in the tissues sulfuric and phos-
phoric are normally the most prominent. Sulfuric acid is almost 
wholly sat free by the hydrolysis of less acid organic compounds but 
a portion of the phosphoric acid enters the body in combination with 
base and is eliminated in the same form i.e. as acid and alkaline 
phosphates. :c I-Organic acids are intested partly as free acids and 
partly as salts but whether they a:r·a potentially basic in metabolism 
depends upon the degree to w~ich the organic acid radicals are oxi-
dized within the body. The extent to which organic acids are pro-
duced within the body is normally slight and dependent upon the keto-
genic-antiket.ogenic relationship of the Q.iet but in pathological 
conditions the body may be flooded with organic acids arising froDL 
the incomplete oxidation of fats. 
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ijELATIVE CONCENTRATIONS OF BLOOD PLASMA AND URINE IN 
MAN, AND CONCENTRATION EFFECTED BY THE KIDll.l];Y * 
Constituent Plasma Urine Concentration 
wa te~ .............. . 
Colloid compounds ••• 
Glucose •••••••••••.•• 
Urea •.•........•.••. 
Uric acid ••••••••••• 
Sodium ••..••.•..•.•• 
Potassium ••••••••••• 
(Ammonium ••••••••••• 
calcium •............ 
Magnesium ••••••••••• 
Chloride -~·········· Inorganic phosphate • 
Inorganic s.ulpba te •• 
per cent 
92 
7.9 
0.1 
0.03 
0.002 
0.3 
0~02 
0.0001 
0.010 
0.0025 
0.37 
0.009 
0.003 
per cent 
95 
0 
0 
2 
0.05 
0.3 
0.15 
0;04 
0.015 
0.006 
0.6 
0.27 
0.18 
67 
25 
1 
7 
- ) 
1.5 
2 
1.5 
30 
60 
*after Evans. Starling's "Principles of Human Physiology", 
5th ed. (Churchill, London, 1930) 
ACID-BASE COMPOSITION OF BLOOD PLASMA* 
BASE 
Na •••••• 142 
K ••••••• 5 
Ca· • • • • • • 5 
Mg •••••• ___2,_ 
155 
ACID 
HC03 •••• 27 
Cl •••••• 103 
HP04 •••• 2 
S04 ••••• 1 
or g. ac •• 6 
protein • ~ 
155 
* after Gamble • All 
• 
eo Ni C.l I 
10 
60 
40 
. HPO: . 30 
20 S04 0~-c:... 
10 Pwn~lK 
0 
figures are expressed in mEq. per litre. 
Hydroehloric acid occupies a somewhat unique position among 
acids in metabolism. Un~•r ordinary conditions it enters the body 
fully saturated with base and is.eliminated in the same form. 
The plasma proteins must be reagarded as acids inasmuch as 
they migrate as anions at the reaction of the plasma. Because of 
their multivalency their chemical equivalency is approximately eight 
times their molecular concentration. The mechanisms involved in 
controlling the concentrations of the plasma proteins are not fully 
known but like carbonic acid they do not·fall under renal control. 
Due to the remarkable adjustability of the values for bi-
carbonate and the maintenance of an approximately constant carbonic 
acid content, the total electrolyte content of the plasma and the 
alkaline reserve are determined by the tQtal base. Since the cham-
ical skeleton of the plasma is built predominantly of univalent ions, 
chemical equivalency, as shown in the accompanying diagram, provides 
an approximate description of ionic and osmolar concentrations as 
well as of ionic strength. There is thus apparent the fact that 
the total concentration of base ·is of service to the organism in a 
manner quite apart from the local physiological purposes of the con-
centrations of the individual bases. (l.SJ 
Upon the kidney therefore falls the task of eliminating from 
the body a large excess of acid substances while at the same time 
jea~ously guarding the total base concentrations of the body fluids. 
Conservation of base is imperative and is effected by two mechanisms 
that are separate, chemically independent and strictly additive. 
First is the secretion of a urine that contains considerably more 
acid and less base than the blood ""'! the kidney in effect reversing 
the reactions for the neutralization of acids within the body. 
. . 
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Seeond is the production ~f ammonia which, equivalent for equivalent, 
replaces fixed base in the urine. Variations in the amount of alka-
li retained through the operation of these mechanisms are in accord-
ance with the needs of the body. Urider less usual circumstances 
the kidney is called upo!l to eliminate an excess of fixed base but 
this is accomplished with little difficulty~ as will be seen later. 
When urine is titrated to a pH of 7.4, the amount of alkali 
'added i.e. the titratable acidity, is equalL to the base that the 
kidney has conserved by excreting an acid urine. {26) The results 
of such titration should be calculated for the 24 hour volume of 
urine and, when total urinary ammonia is added, give the total con-
servation of base by the kidney or what Henderson (25) has termed 
the 'total acid excretion' (see page 13). Normally this is equiv-
alent to 600-700 cc. of 0.1 N acid but in severe diabetic acidosis 
the equivalent of 7 litres of 0.1 N acid may be excreted daily. A 
higher total acid excretion than this is not to be expected even ex-
perimentally for not more than a small fraction of such quantities 
of acid can be safely introduced into the body. (28, 29) 
The efficiency of the kidney in conserving base is quite 
distinct from the titratable acidity of the urine but can be roughly 
estimated from measurement of the actual acidity or pH. High 
titratable acidity may result either from the elimination of a large 
amount of material of relatively low intensity of acidity or from 
the elimination of a smaller amount of more intensely acid material. 
Thus the efficiency of base conservation varies with the relative 
and not the absolute excess of acid over basic material. Titratable 
acidity and pH are two factors which bear no necessary relationship. 
(25) 
In contrast to that of the blood, the pH of normal urine 
5'1L ... 
"varies from about 4.80 to 7.40 with a mean value of 6.0 0.1 (27, 28, 
29 ). Pathological conditions may occasionally cause a greater acid~ 
ity ·than is ever observed normally, but apparently never an unusual 
alkalinity. Most commonly the range is within normal limits. (27, 
29) 
Henderson and Palmer have investigated the extremes of pH to 
which the urine can be experimentally forced (28). The administra-
tion of a single dose of acid phosphate (10 gms.) invariably caused 
a slight increase in acidity. The greatest increase was observed 
in a case in which the initial pH was 6.70 and the pH four hours after 
ingestion of the acid phosphate was 5.30, a twenty-five fold increase 
in acidity. No values below pH 5.0 were noted, even when the initial 
pH was as low as 5.15. The administration of larger quantities of 
acid phosphate, or of hydrochloric acid, produced similar effects and 
never produced acidity of the urine as great as that which occurs in 
some pathological conditions. 
On the other hand, since the body produces no fixed base in 
any appreciable quantity, the administration of alkali should have 
and did produce a more alkaline urine than is normally ever seen. 
The highest pH observed was 8.70 which in one case followed within 
one hour after the ingestion of 12 gms. of sodium bicarbonate. Evi-
dently the reaction of the urine can be pushed to a certain degree 
of alkalinity with relative ease, but beyond this point even the ad-
ministration of large doses of alkali (64 gms. of sodium bicarbonate 
over a two day period) causes no further change. 
The possible range of H-ion. concentration in the urine thus 
. appears to lie between pH 4. 70 and pH 8. 10, a range of .l :10,000 in 
the concentrations of hydrogen and hydroxyl ions. pH 4. 70 corre""'\ 
spends to the acidity of a solution containing acid phosphate with 
a trace of free phosphoric acid, pH-8.70 to the alkalinity of a solu• 
tion of alkaline phosphate with a concentration of about 0.01 N. 
Variations in the relative amounts of acid and alkali accompanying 
such variations in reaction are very large and, together with ammonia 
excretion, measure the protective power of the kidney. Henderson 
and Palmer (28) titrated normal 24 hour urines to pH 4.70 and pH 8.70, 
the results determining total alkali and total acid contents respec-
tively. The ratio· of actual to possible alkali i.e. total alkali: 
total alkali+ total acid, was found to range between 0.29 and 0.61. 
The authors concluded that "~he possible variation in the amount of 
alkali in union with the acids of normal urine is ordinarily about 
o.s-1.0 gram-molecule. In pathological conditions, when the acids 
are increased, the quantity is necessarily larger. The actual vari-
ation in normal individuals is evidently at least nearly 0.5 gram-
~ 
molecule. 11 Such large variation is a manifestation of buffer action 
and before proceeding further we should review the general properties 
buffer systems. * 
The onLy buffer systems of importance in the animal organism 
are those consisting of a weak acid and one or more of its salts or, 
according to the terminology of Bronsted, its conjugate base. Much 
of the fundamental work on ·this phase of acid-base balance was done 
by Henderson who first stressed the fact that the pH of any buffer 
system is determined by ~he ratio of base to acid: 
* Attention is called to tAe note at the end of the bibliography 
. 
(1) . '(A- )'- baae pH = pK + los .. ·.·.(HA. r· pK + log acid 
pH • pK +log 
This _is commonly known as the Henderson-Hasselbalch equation. The 
symbol cC. denotes the ratio of the molecules of buffer from which a 
hydrogen ion has been removed to the total number of molec.ules of 
buffer. pH is seen to be a function of the ratio of base to acid 
or, conversely, at any given pH the ratio of base to acid is seen to 
be fixed by the dissociation constant of the system. 
The characteristic of buffer systems is their ability to 
resist changes in pH brought about by the addition of strong acid 
or alkali. When hydroxyl ion i.e. a strong base, is added, the 
reaction that occurs 
(2) HA +:a.,.+ OH-~ B..,+ A-+ H20 
runs virtually to completion and the large amount of A- formed tends 
to repress the dissociation of the acid. When an appreciable 
amount of hydroxyl ion has been added, we may set (A-) equal to the 
number of equivalents of hydroxyl ion added and (HA) equal to the 
remainder of the total stoichiometric concentration of acid. It is 
convenient to suppose that conditions are such that -the volume change 
in the system is negligible so that the total concentration 
remains unaltered during the titration. If X mols of hydroxyl 
ion have been added per mol of acid, we may write as a good approxi-
mation (A-) ... X and hence« • X/C. 
(·3·.) A.« :a b.X/C 
For an increment AX in X 
The addition of a strong acid to the solution, of course, causes the 
formation of HA from A and thus decreases do.. Mathematically we may 
' 
re~rd the addition of a strong acid as the negative addition or a 
strong base. The above equation still applies, X and ol. now be-
ing negative. 
Thus from equations (1) and (3) we may construct a titration 
curve in which pH is plotted against the number or equivalents, X, 
of strong base added. The characteristic feature of such curves 
is that when is near 0.5 i.e. when acid equals base and pH is equal 
to pK, the addition of a relatively large amount of strong acid or 
base produces little change in pH. This phenomenon is known as 
buffer action and is of the utmost importance for the stability of 
the living organism. 
It is convenient to have a quantitative expression to describe 
. the resistance of a system to pH changes brought about by the addition 
of strong acid or alkali. The obvious quantity to employ is the 
slope of the titration curve at any point or, in differential nota-
tion, dX/dpH. This is the 'buffer value' of ¥an Slyke and may be 
evaluated as follows. 
(4) dX/dpH = dX "' du .. 0 dot 
dcx dpH dpH 
On differentiating the Henderson-Hasselbalch equation we obtain 
(5) dpH- 2 • 3o~:(l-«) .Q.!: dol/dpH = 2.303 ct(l-ot) 
Hence the buffer value is, from (4) and (5), 
. 
(6) dX/dpH - 2. 30}, C ~ ( 1-o<) 
· This equation is valid provided the concentrations of the bas~ A 
and the conjugate acid HA are both large in comparison with the 
hydrogen and hfdroxyl ion concentrations. 
siderable, additi~nal terms are required. Between pH 4 and pH 10, 
~ and therefore in all systems of physiological interest, the equation 
can be safely applied. 
It is' plain that the buffer value of a system containing an acid and 
As its conjugate base is proportional to the total concentration c. 
~approaches either 0 or 1, the buffer value falls toward o. Its 
maximum value (0.575 C) is attained when u equals l-et or when pH equals 
pK. 
In a solution containing several buffer systems each must be 
in equilibrium with the others and all must be in equilibrium with the 
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Figure 2. Titration curves of some of the 
important urinary acids in the pH range of 
the urine. Ordinates represent the amount 
of base combined with me. ecpivalent of acid. 
(after Henderson ( 25) ) 
same hydrogen ion concentration. Changes in the base:acid ratio 
of one system must affect all the others. The total buffer value, 
moreover, must equal the sum of the buffer values of the several 
components. These are facts of the utmost importance in consider-
ing a solution as complex as the urine. 
As pointed out above. the large variation in the amount of base 
~ bound between pH 4.7 and pH 8.7 is.due to the efficiency of the buffe~ 
systems of ~he urine. Following is a list of the urinary acids most 
important in this respect~ with their ionization 'constants and approx-
imate figures for the amounts excreted daily under usual conditions.* 
DISSOCIATION CONSTANT NO&\iAL EXCRETION 
• 'ACID ., 
r 
' Ka. PKa Mg. per Day 
' 
• 10-2 
< 
' Oxalic • • • • 3.8 1.4 I 10-50 Citric K, 8.3 "' lo-4 3.1} • • • • 
K ... 4.1 • 1o-s i 4.4 200-1200 I 
K~ 3.2 ~ 1o-6 I s.s 
Formic • • • • 2.1 J' lo-4 .I 3.7 10-100 
Hippuric • • • 2.2 • lo-4 3.7 100-1500 
Acetoacetic • • 1.5 "' lo-4 3.8 
I.a.ctic .. • • ! 1.3 .. lo-4 I 3.9 70-100 ~-hydroxybutyric. 2.0 "' 'lo-5 4.7 0-75 I 
Uric .. ~ • • • 1.5 ,.. 10-6 I 5.8 200-1000 
Carbonic • .. • K, 8.0 ... l0-7 6.1 
Phosphoric. • • Kt 1.6 y. lo-7 6.8 
With the exception of carbonic and phosphoric acids these 
are all organic acids. Van Slyke and Palmer (58) have shown that 
the organic acids present both free and as salts in the urine can be 
accurately estimated by titrating between pH 8 and pH 2.7, after re-
moval of phosphates and carbonates by means of calcium hydroxide. 
Since this titration includes w~ak bases whose dissociation constants 
fall in the neighborhood of lo-ll, correction must be made for creatin-
ine, the only base of this class present in significant amounts in 
human urine. The average 24 hour excretion of organic acids in thir-
teen healthy young men was approximately 6 cc. of 0.1 N acid per kilo 
of bo(iy weight, corrected for creatinine. · Normally only a small 
* These fi~res are taken from Sherman, Henderson (25), Henderson and 
Spiro (30) and from other sources and are not strictly comparable. 
, . 
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·rraction of the organic acids exists free in the urine (figure 2) 
~ and their buffer value is thus almost negligible, both because of 
their low concentrations and their relatively acid pK values. 
Hydrochloric and sulfuric acids are strong acids and at all 
reactions of the urine must carry with them an almost full equiva-
lency of base. They exert no buffer action and will not be con-
sidered further in this respect. 
Acid phosphate is evidently the most important of the urinary 
acids in i.t.s ability to chemically bind ba.s·e as the acidity of the 
urine changes within physiological limits (figure 2}. Its quali-
fications for such a role are ideal, both because of its relatively. 
high concentration and its weakness as an acid. Acid phosphate has 
a pK value of 6.8 and, since the mean pH of urine is 6.0 ·and of blood 
7.4, it exerts a maximum buffering action in this range. On the · 
whole variation in urinary acidity is such as is characteristic of 
a solution containing acid and,alkaline phosphates in widely varying 
proportions (figure 3). Fluctuation in the amount of base bound 
by phosphate is the principal cause of varying acidity, both actual 
and potential. (27, 25) 
Under ordinary circumstances the carbonic and uric acid 
systems are the only others that exert any appreciable buffer action. 
At the. mean value of urinary acidity there are nearly equal amounts 
of free carbonic acid and bicarbonate and about four times as much 
sodium urate as free uric acid (figure 2). The carbonic acid sys-
tem, however, plays a unique role and will be discussed later. 
In ketosis another important and variable factor is added, 
namely ~-hydroxybutyric acid. At normal urinary acidities this is 
never more than l0-l5%free but as the acidity increases it rapidly 
gives up its base and at pH 4.7 is about half dissociated. Such a 
circums~nce is of great importance in diabetes and, to a lesser 
~.· extent, in the ketosis of fasting. {25) 
In the light of these considerations there are two ranges 
of urinary acidity in which buffer action is highly effective i.e. 
in which a small increase in acidity is accompanied by a large de-
crease in the ratio of base to' acid (figure 3). One range centers 
upon the pK of the phosphate system, the other upon the pK of the 
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Figare 3. Gradual Titration of Urine. 
>C.• titration of normal urine (acidified 
with 0.1 N HCl). +- titration of nor-
mal urine plus ~oxybutyric acid. The 
curve represents the theoretical values· 
for titration of the phosphates of the 
urinary sample. (after Henderson ( 25) ) 
~-hydroxybutyric system. A variable number of other systems must 
take part in any change in acidity, thereby producing in the sum an 
appreciable effect. 
Henderson (25) bas shown that when alkali is added to urine 
which has been acidified to pH 4.0 with 0.1 N acid, the greater part 
of it is neutralized in the range from pH 5. 7 to 7. 7 - the domain of 
the phosphate system that is characteristic of normal human urine. 
If ~-oxybutyric acid is added to the acidified urine, it neutral-
ization is approximately complete at pH 5.0 and the titration there-
after proceeds exactly as in normal urine. 
Henderson and Palmer (29) have reported observations on 122 
separate urinary samples from sixteen individuals. Their findings 
may be summarized as follows: 
I. Data arranged in four groups corresponding to the pH 
No. of observations pH v A NH3 A+NH3 A/NH3 
20 5.4 1026 320 367 687 0.87 
44 5.7 1193 303 384 687 0.79 
29 6.0 1259 263 365 628 0.72 
29 6.6 1400 .224 357 581 0.63 
122 5.94 1231 278 370 649 0.75 
A= cc. ·of 0.1 N acid to titrate the urine to pH 7.4 
All figures are for 24 hour volumes. 
II. Average values of the different characteristics of each group 
expressed as percentage of the average for the whole 122 cases. 
pH v A NH3 A+NH3 A/~~ 
5.4 83.4 115.1 99.2 105.8 116.0 
5.7 97 ~,0 109.0 103.8 105.8 105.3 
6.0 102.3 94.6 98.6 96.7 96.0 
6.6 113.7 80.6 96.5 89.5 64.0 
Titratable acid excretion ~ppears to be a function of the concentra-
tion of ionized hydrogen. Since this quantity is due almost wholly 
•f-\ to thepresence of phosphoric acid in the urine, the values of A 
should be defined in their relationship to H-ion concentration by 
. . 
- . 
-- ·--=--:: --~ . 
the mass law, provided that the concentration of phosphoric acid is 
constant. Th18 is seen to be roughly so by examining the values of 
pH and A in table I. Moreover, the variation corresponds in three 
of the four groups to what would be expected if A were due only to 
variation in the relative amount'of base associated with a constant 
average amount of phosphoric acid daily: 
A 
pH 
observed calcula. ted 
5.4 320 316 
5.7 303 303 
6.0 263 280 
6.6 224 181 
In the least acid specimens the concentration of phosphoric acid 
must have been increased. For the elimination of large amounts of 
phosphoric acid, when there is no necessity for the body ridding 
itself of abnormally large amounts of acid, a urine of low acidity 
is elaborated so that general alkalinity of the body is avoided. 
In short: 
i. when the elimination of phosphoric acid is constant, urinary 
pH varies inversely with titratable acidity in accordance with 
the mass law equilibrium of phosphoric acid. 
ii. with constancy of acid excretion, urinary pH varies directly 
with tbe urinary phopbate. 
The average values of NH3 in tables I and II are, in contrast 
to those of A, remarkably constant. The slight diminution as pH 
increases is hardly outside the probable error. Henderson and 
Palmer (29) feel this to be conclusive that "in :the normal bPdy 
n nearly if not quite all the final regulation of H through excretion 
fall upon the titratable excretion of acid, that is to say, upon the 
phospha. tea. Urinary ammonia is"variable, to be sure, but in the 
·~ normal individual it does not materially vary~ for purposes of 
regulating the reaction of the blood, because it does not vary with 
the total acid excr.etion or with the urinary (H ) but only 9therwise 
in connection with variations in nitrogen metabolism, etc. This 
is one more confirmation of the view long ago put forward by one of 
us, that the primary factors of regulation of the reaction of the 
body are the phosphates and carbonates." 
:'he values of the quantity A/NH3 have no especial significana.e 
Ito 
no ' 
' 
' 
v 
, ..... _____ , "'m.. 
\ - .niJ~ 
' . 
' 
' 'o:------A.---';,_:,;A~ 5 \, '1 
pH 
not revealed by what has been pointed out above, although in patho-
logical studies the ratio is often a convenient one. On the average 
the volume of the 24 hour urine" increases steadily as H and A diminish. 
This variation is apparently far too great for cbance~ although its 
significance is not apparent. Figure 4 shows the rel.a.t:iLve values · 
of V, NH3, and A at varying acidities of the urine. (29) 
Although Henderson and his collaborators laid great stress 
upon the phosphate system in urine of normal acidity, they were 
apparently not appreciative of the importance of caroonic acid and 
bicarbonate. Several years later Marshall (44) pointed out that 1n 
urines of low· a~idity and in dilute urines carbonic acid is the chief 
buffer and that loss of C02 from such urine effects a further lower-
ing of acidity. He found that diuresis caused only a slight increase 
. . 
in total phosphate elimination but a marked increase in the absolute 
and relative amounts of bicarbonate eliminated. Both in diuresis 
and in alkaline urines the buffer value of the phosphates is relatively 
low. In concentrated acid urines, on the other hand, the efficient 
concentration of phosphate present prevents change of reaction by 
loss of 002. 
At the same time Gamble (14) suggested that the regular 
presence of both free carbonic acid and bicarbonate in the urine was 
due to a simple diffusion of the acid across the renal epithelium. 
This is an easy assumption to make and does not exclude the possibil-
ity that bicarbonate entering-the urine may form carbonic acid by 
interaction with acid phosphate -
NaHC03 + NaH2P04 ~ H2C03. + Na2HP04 
A.ccordingly, urinary (H2co3 ) should remain at a nearly constant level, 
(BHC03) should become a linear function of pH and total C02 should be 
fixed by t~e reaction of the urine (figure 5). Experimen~al evidence 
supported these premises. pH and total co2 were measured and the 
. . 
concentrations of the free and combined acid calculated from the Hen-
derson-Hasselbalch equation (55). Since the C02 tension of normal 
plasma averages 45 mm. :t 15%, a similar variation was expected in the 
urine. The tension actually observed was 60 mm. :!: 25%. Gamble 
assumed that the higher values found in urine were indicative of a 
. ·1-7cj . 
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; 
higher co2 tension in renal tissue than in plasma, a hypothesis 
~ supported by the investigations of Marshall and Crane (45) upon dogs 
_, --
with unilateral section of the splanchnic nerve. (BHC03) was 
-
found to vary inversely with (H?), an increase of (H"") from 10-8 to 
lo-5 being accompanied by an approximately thousandfold diminution 
of ( BHC03 ). Furthermore, total co2 decreased rapidly as (HT) in-
creased and was independent of variation in the phosphate elimination. 
Sendroy, Seelig and Van Slyke (56), using highly accurate 
techniques, found that the C02 tension of bladder urine ranged from 
40 to 150 mm. in both normal and pathological oases. The average 
value was 67 mm. 25% of the results fell between 62 and 72 mm., 
77% between 42 and 95 mm. Values as high as 200 mm. were found ex-
, perimenta lly. In all oases high C02 tensions were found only in 
concentrated urines stored in the :~~~dder for short periods. In 
general, dilute urines or urines stoted in the bladder for longer 
periods approached the average value of 67 mm. Here in, according 
to the authors, may lie the explanation of Gamble' a comparatively 
constant value of 60 ~ 15 mm. Possibly prolonged accumulation in 
itself tends to produce a urine of average acidity or perhaps free 
carbonic acid diffuses slowly across the bladder wall into the. blood 
stream. Gamble himself suggests that prolonged accumulation with 
the mixing of urines of low and high acidities will cause, by the 
interaction of acid phosphate and bicarbonate, a release of C02 and 
a rise rather than a fall in the tension observed. 
The work of Sendroy, Seelig and Van Slyke confirmed in large 
degree the observations of Gamble and of German workers. The for-
mation of an acid urine was tentatively outlined a.s follows (56'). 
In the glomerUlar filtrate H2co3 and BHCo3 are presumabl~ in approxi-
mately the sam& concentrations as in the plasma. As ~he filtrate 
proceeds down the tubules it norma~ly becomes more acid, probably 
·~ _ because of the reabsorption of BHC03 in the same manner that Bel is 
absorbed. Both Cl- and Hco3- may appear in only traces in the urine 
and this fact is difficult to explain by any other process than active 
• tubular reabsorption. Calculated as NaHco3 _the amount ~f bicarbonate 
in the 24 hour glomerular filtrate of about 150 litres would be approx-
imately 340 gms. and would contain 92 gms. of Na. In the daily 
output of urine only 3-4 gms. of- Na are ordinarily found and of this 
only a small fraction is in the form of bicarbonate. 
appears t~ pass back, not by active reabsorption, but by simple diffu-
sion and the co2 tension of the urine is never observed to be lower 
than that of the blood. Since C02 is constantly produced in large 
quantities within the body, there is no physiological need for the 
reabsorption of H2C03. 
Changes- in the relative- concentrations of. H2co3 and BHC03 
must necessarily affect the acid:base ratios of the other buffer 
systems in the urine. For example -
Na~P04 + H2co3 ~ NaH2P04 + NaHC03 
K _ (NaH2P04) (NaHC01) 
(Na~Po4 )_ (H2c?3 
(H2co3 ) -~ K = (NaH#04 ) 
(Na~C03) (Na2HP04) and K - K H~co, K NaHt.PO... 
This reaction will tend to reach equilibrium but will move towards 
completion provided: (a) BHco3 is reabsorbed; (b) the molar concentra-
tion of H2co3 in the glome~lar filtrate is at least equal to that of 
Na2ffP04; (c) the H2co3 in the filtrate is not diminished below thla 
proportion until the reaction and the reabsorption of NaHco3 are com-
plete. 
The first two provisionS ·are fulfilled. Reabsorption of 
bicarbonate in urine of ordinary acidity is known to be nearly com-
plete and the molar concentration of carbonic acid in the glomerular 
filtrate does exceed that of alkaline p~osphate. Concerning the 
relative. reabsorption rates of carbonic acid and bicarbonate there 
are no data. Although co2 is highly diffusible, H2co3 can be infer-
red to be only very slowly diffusible as are other aliphatic acids. 
The glomerular filtrate carries about 220 mM H2co3 into the urine 
daily but the maximum free acidity is about 150 mM. Since carbonic 
anhydrase is absent from tile urine, the interconvers ion of H2co3 and 
co2 must be slow and it thus appears quite possible that the absorp-
tion of bicarbonate may sufficiently outrun that of carbonic acid to 
meet the third provision. (Smith') 
The acidifying effect of BHC03 reabsorption may be reenforced 
by B2HP04 reabsorption, since only a part of the glomerular phosphate 
reaches the urine. However, to shift the B2HP04 :Btr2Po4 ratio of 4:1 
in the glomerular filtrate to the value of almost 0 in urine of pH 5 
by reabsorption alone would require reabsorption of all the B2HP04. 
Table III indicates that phosphate reabsorption is not always thts 
complete so that the acidifying effect of BHco3 must be of consider-
able importance. (56) 
Smith feels that acidification of tha urine ma.y result from 
the tubular excretion of H in exchange f.or B. By this exchange 
BHC03 would be converted to H2co3 and any other buffers present would 
in part be converted to free acids. "But whatever the mechanism of 
acidification of the urine, it is probable that the renal tubules 
operate on only one of the four species: H2co3, C02, Hco3 or H, and 
that they are essentially impermeable to, or indifferent to, the U/P 
ratio of the other three." 
" , 
The fact that the pH of. t.be urine never falls below 4.8, an 
-("'\ acidity which lies at the lower limits of both the bicarbonate and 
phosphate systems would seem to indicate that reabsorption of the 
alkaline buffer salts produces the acidification of the urine. 
Table III. Estimated 24 hour filtration and excretion of BHco3 ~ H2C03 and P04 by human kidney (56) 
Glomerular filtrate Urine, 1.5 L. Urine, 1.5 L. 
150 L. at pH 7.4 at pH 6.1 at pH 5.0 
Substance 
Cone. Total Amt. Cone. Total Amt. Cone. Total Amt. 
mM/L mM mM/L mM mM/L mM 
BHC03 25 3700 2 '3 0.1 0.15 
H2Q03 1.3 195 2 3 1.3 2 
P04 1 150 43 65 43 65 
The maintenance of a relatively constant co2 tension ~reatly 
increases the physiological efficiency of the carbonic acid buffer 
system in the urine (figure 5). Changes in BHco3 are not accompanied 
by quantitatively recip_rooal changes in H2co3 and total co2 varies 
accordingly. As acidity increases buffer value falls inasmuch as it 
varies directly with total co2 concentration. Base bound as bicarb-
onate decreases with unusual rapidity and at pH 6.0 is almost negli-
gible. 
It is comparatively rare under normal conditions that a freely 
chosen human diet gives rise to any considerable preponderance of 
basic products in metabolism. Whe~ this does occur, however, the 
exces·s of fixed base is readily eliminated. as bicarbonate. (Palmer 
and ~n Slyke (48) suggest that in normal men there exists a critical 
level of plasma bicarbonate (C02: 71± 5 vols. %) at which the urine 
"r\. changes its reaction from one more acid tban blood to one more alka-
-"- line.) As urinary acidity decreases, the buffer value of the oar-
bonic acid system rises rapidly so tbat successively larger incre-
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menta of bicarbonate oan be removed· with equal and small increments 
in alkalinity. Under such circumstances carbonic acid acts as ·the 
acid analogue of ammonia for its availability in the body is practic-
ally unlimited and it can be eliminated by the kidney to a regulated 
extent. 
The organic acids of the urine are of no significance in 
buffering alkaline urines, since at the pH of the blood they exist 
almost wholly as neutral salts, and consequently can combine with 
little more base even at a more alkaline pH. In many cases of alkali 
excess, however, i't has been noted. that. there is an increased forma-
tion and excr.etion of organic acids, these additional quantities of 
acid removing from the body their equivalent of fixed base (Sherman). 
The practical importance of such a mechanism is quantitatively insig-
nificant. 
The superiority of the carbonic acid system is shown in figure 
5 but it must be remembered that (H2co3 ) is not absolutely constant 
as Gamble has depicted. From the foregoing it becomes apparent that 
in acid urines the buffer value of the phosphate system is the most 
important single factor in the conservation of base but that in urines 
of increasing alkalinity the role of the carbonic acid system becomes 
·of rapidly increasing significance. 
The ammonia of the urine has long been a source of contro-
versy on several scores - the site of ita production, ita precursor, 
and the stimulus for ita formation. A review of the earlier litera-
ture shows much confusion and divergence in the values reported for 
the concentration of ammonia in the blood. This was primarily the 
result of technical difficulties, chief among which was the fact that 
blood allowed to stand, even at room temperature, shows a rapid in-
crease in ammonia content with a simultaneous decrease in organic 
nitrogen. In the absence of evidence to the contrary most investiga-
tors assumed that the production of ammonia for acid neutralization 
was a generalized tissue function and that ~rinary ammonia was derived 
from the blood as were the'other urinary constituents. In 1912 Folin 
and Denis introduced a more accurate method of determining blood 
ammonia and reported values measured in hundredths of a milligram per 
100 cc. These were so unprecedentedly low that they ~eceived little 
confirmation and were repeatedly challenged. Confusion mounted and 
some authors actually questioned whether ammonia existed in the blood 
at all. 
In 1921 Nash and Benedict {46) substantiated the work of 
Folin and Denis and realized that the mere traces of ammonia in the 
blood could in no way account for the output of ammonia in the urine, 
particularly in pathological conditions. For the following re·asons 
they concluded that urinary ammonia must have its origin in the kid-
ney: (l) the blood of the renal vein contains from two to three times 
as much ammonia as does the blood of the renal artery and the general 
systemic blood; (2) the systemic blood shows no increase in ammonia 
under c'ondit_ions {acid injection, phlorizin diabetes) which lead to 
a severalfold increase in urinary ammonia; (3) in nephritis there is 
i no accumulation of ·ammonia 1n the blood, although other non-protein 
I . 
i ~ constituents may show a marked increase; (4) the acidosis of nephritis 
cannot be explained upon the assumption that ammonia formation for 
acid neutralization is a generalized tissue function; (5) the rate of 
.blood flow through the kidney is not sufficient to account for the 
high ammonia content of diabetic urine. The experimental work done 
by Nash and Benedict was soon amply confirmed (52, 53, 54, 40, 32), 
although several investigators questioned tne conclusions drawn (6, 47). 
It is interesting to note that in the rabbit and goat - both herbivorous 
animals excreting only traces of ammonia in the urine - the ammonia 
content of blood from the renal vein was found to be practically the 
same as that from the aorta. 
The relatively constant concentration of ammonia in the blood 
represents an equilibrium state between ammonia entering the c ircula-
tion and the transformation of. this ammonia into urea by the liver. 
Venous blood from sources other than the renal veins bas a slightly 
higher ammonia content than arterial blood, probably as a result of 
metabolic activities 1n the tissues. Blood from the portal system 
constantly contains large amounts of ammonia derived from protein 
hydrolysis a.nd bacterial action in the gut, but sucn ammonia is con-
verted into urea before it ente"rs the general circulation. In fact, 
ammonia is highly to~ic if injected into the venous stream for under 
these conditions it reaches the central nervous system, upon which it 
has a strong convulsive action. These findings enable the conclu-
sion ~bat ammonia never enters the blood stream for purposes of acid 
neutralization and that acids are transported solely in combination 
w_ith fixed base or protein. Combination of acids with ammonia occurs 
only during their elimination b1 the kidney. 
' . 
In 1921 Keeton (?5) suggested that the neutralization of acids 
by ammonia was primarily a localized hepatic function. Although 
readily refuted in the light of subsequent developments~ his work is 
of some interest. He observed that the alimentary administratiqn 
of HCl to dogs caused an absolute increase in ammonia N excretion 
but that total N remained practically constant. The intra venous 
administration of the same dose of acid to the same dog caused an in-
creased elimination of both total N and ammonia N. Keeton pointed 
out that the acidoses in which increased elimination of ammonia is 
most consistently seen ·in humans (ketosis and ingestion of acid salts) 
are those in which the liver is ealled upon for immediate neutraliza-
tion of the acids. In ketosis the acids are formed in the liver 
while after the ingestion of acid salts, the ac.id radicles first reach 
the liver. The acidosis of nephritis~ on the other hand~ is due to 
a delayed excretion of acids formed in the body at large. 
Nash and Benedict (46)~ like numerous others~ inferred that 
urinary ammonia was formed from urea~ since there often exists a 
rOUghly reciprocal relationship between the excretion of these two 
substances. Such a relationship~ however, may result from a deflec-
tion of nitrogen early in intermediary metabolism and is therefore 
of no significance in determining the immediate precursor of urinary 
ammonia. As far back as 1911 Wakeman and Dakin (61) had concluded 
from perfusion experiments that the formation of urea was practically 
an irreversible reaction. 
Bliss (6, 7~ 8~ 9, 10, 11) has reported evidence to suggest 
that ammonia plays a part in the neutralization of acids formed dur-
ing muscular exercise, the ammonia so-used appearing in the blood as 
an amide of blood protein and being liberated by a kidney deamidase 
tor elimination in the urine. How the ammonium ion on one side of 
1 
25, ''·. 
the cell membrane could appear as firmly bound protein amide nitrogen 
on the other, it is difficult to imagine. Since the acids are trans-
ported in the non-protein fraction of the plasma, it is obvious that 
there could be no;' direct neutralization by ammonia and Bliss himself 
realized that fixed base must be utilized for this purpose. Nash and 
Benedict (46), moreover, had demonstrated that the addition of large 
amounts of lactic acid to drawn blood caused no increase in ammonia, 
suggesting that there was no substance present which yielded ammonia 
for acid neutralization when treated with an acid which is a normal 
physiological compound. A further objection to Bliss's work is that 
his estimations of amide N were made, not with the kidney deamidase 
which he reported having purified, but by heating the blood proteins 
for 90 minutes with 4 N sulfuric acid. It bas also been demonstrated 
that the ammonia content of various tissues, including muscle, is ex;.. 
actly the same as that of blood. Thus, while such a theory would 
explain how ammonia formation is regulated so nicely to variations in 
acid-base balance, the claims upon which it was based appear to have 
been successfully refuted. (5, 62) 
In 1928 Mann and Bollman (42) observed that hepatectomy in 
dogs was followed by a progressive decrease in the urea content of the 
blood, tissues and urine. When the urine became extremely low in 
urea, it was always found that ammonia excretion had likewise diminished. 
"Intravenous injection of urea at this time causes a definite increase 
in the excre.tion of ammonia." The injection of amino acids had no 
such effect but ammonia or ammonium salts injected into the dehepatized 
dogs could be recovered quantitatively as ammonia in the blood, tissues 
· and urine several hours· afterwards. The authors concluded that the-
liver was ~ecessary for the deaminization of amino acids and for the 
formation of urea, but that it was not concerned with the formation of 
•. ~--1:>':.. 
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ammonia from_ urea~ Presumably ·~ occurred only 'in the kidney. 
Despite the absence of the er;1zyme urease from the kidney 1 the 
view that urea was the most probable precursor of urinary ammonia 
persisted· (Peters and Van Slyke} ( 1 1 20). 
If _an appreciable portion of urinary ammonia were derived 
from blood urea, urea clearance would be more accurately expressed 
by the excretion of urea + ammonia than by the excretion of urea alone. 
Normally ammonia N equals from 1-10% of urea N so that clearances 
calculated by the two methods would differ only slightly. In neph-
ritis the ammonia:urea N is lowered. In certain other conditions 
(the ketosis of starvation and diabetes and the depression of urea 
output caused by a very low protein, high calory diet) the ratio is 
unusually high and it is in these caaea that more consistent values 
for urea clearance might possibly be calculated from the excretion 
of urea + ammonia. Van Slyke and his ~ssoc ia tea {59) induced 
acidosis in individuals on a low protein diet and concluded that "the 
ammonia excreted in the urine of man is formed in the kidneys chiefly 
from urea removed from the blood, and that the work of the kidneys 
in excreting urea is more accurately indicated by the combined excre-
tion of urea and ammonia than by the excretion of urea alone". 
Pitts ( 49) subjected the wor~ of Van Slyke, Page 1 Hiller and 
Kirk to the criticism that all renal clearances in both man and dog 
are affected by the protein content of the diet. For any s ignif i-
canoe to.be attached to a reduced urea clearance in individuals with 
induced acidosis and a low protein diet, a standard of reference is 
necessary. In the dog urea clearance, relative to glomerular 
clearance,..~_:_-s found to be essentially the same in acidosis and alka-
losis as ~-the normal. At low plasma levels of urea in acidotic 
,.;.,.-. 
animals tf!i- ~ea + ammonia clearance was several times the urea clear-
ance and at times even exceed~d the glomerular clearance. The mag-
,.. nitude of the discrepancy between the urea and the urea+ ammonia 
clearances depended on the degree of acidosis and the height of the 
plasma urea, varying directly with the former and indir~ctly with the 
latter. 
As knowledge of the metabolism of amino acids and related sub-
stances accumulated, it became apparent that deaminization of amino 
ac ida might play a role in the product ion of urinary ammonia. Krebs 
(38) found that kidney cortex was the ·most active deaminating tissue 
per unit of weight, being about three times as active as liver. 
Since the total amount of liver tissue in the body is much greater than 
the amount of kidney cortex and since the· amino acids coming from the 
intestinal tract reach the liver at a higher concentration, the liver 
is the preferential site of deamination. Liver and kidney, however, 
were both found to deaminate amino acids throughout the vertebrate 
kingdom .and wherever the matter was investigated d- and 1- amino acid 
deaminases were found together. Krebs-considered the theory that 
urea is the precursor of urinary ammonia to have been definitely dis-
proven. "The main precursors of urinary ammonia are amino acids. 
The extent to which amino acids are deaminated is not governed by acid-
base balance. The pH optimum for the deamination of amino acids lies 
around pH 7.4 whereas the excretion of ammonia increases with decreas-
ing pH of blood and urine. The kidney may produce more ammonia than 
is needed for the neutralization of excreted acids and the excess 
< .. \ 
leaves the kidney with the venous blood. Whether•the ammonia formed 
in the kidp;y is excreted or appears tn the venous blood depends on 
the condi ti'lii of acid-base equilibrium." 
>--
PoJ.i,aovski, Boulanger and Bizard likewise concluded that 
-
ammonia form~:t.ion is entirely independent of ammonia excretion. They 
• 
-- _J 
obse)rved that injection of amino ,acids into dogs caused a marked in-
. •· 
~rease in the .. ammonia difference between the renal artery and vein 
and a slight rise in the ammonia content of the ~ystemic blood. urea 
had no such action • 
. Many authors felt that Krebi: .~ work with kidney tissue in 
vitro, while indicating the possibility that blood amino .acids might 
, be a direct s_ource of the ammonia formed by the kidney, was no indica-
tion that an·important part of the ammonia excreted actually came from 
them. (59} 
,I' 
.. 
Krebs (36, 37) has, however, made anc:tther important contribu-
tion towards solving the problem. He found that if ammonia were add-
ed to slices. of rabbit or guinea pig kidney·· in the presenc·e of gluta-
mic acid, ammonia disappeared from the solution and an equivalent 
ammount of amide·nitrogen appeared. The amide formed was shown to 
be glutamine because (1) it formed only in the presence of glutamic 
acid and ammonia; (2) the amide behave like.glutamine towards acid 
hydrolysis; {3) the amide formed behaved like glutamine towards a 
specific enzyme •iglutaminaset•. 
If glutamine is added to kidney, glutamic acid and ammonia 
are formed • This nglutaminase" is specifically inhibited by glut-
amic acid, the inhibition being due to a competition between glutamine 
and glutamic acid for the enzyme. The affinity of glutamic acid is 
about four times as great as the affinity of glutamine.· Kidney of 
guinea pig and rabbit thus possess a system by which glutamine can be 
synthesised and split. Krebs found that the system was absent in 
the kidneys of dog and cat but was present in the brain and retina of 
·all mammals and birds that were investigated. 
"Glutaminase" was found to be present in aqeous extracts or 
those tissues which synthesise glutamine. Krebs believed that it 
29.' 
represented merely a fragment of the synthesising system and that 
~ under physiological conditions it was not concerned with the hydro-
lysis. 
In 1942 Hamilton (21) observed that picric acid filtrates 
of human and canine plasma ~ve physicochemical reactions that in-
dicated a glutamine content of 5-10 mg. %. This was soon confirmed . 
by other workers (22, 23). 
A year later Van Slyke and his coworkers (60) reported experi-
menta on dogs with explanted kidneys. Renal blood flow was deter-
mined by the creatinine excretion method and the amounts of different 
~ubstances removed from the blood by the kidneys were calculated from 
their arterio-renal-venous differences. All the urea removed from 
the blood was found to be excreted unchanged in the urine. This was 
true even when HCl and a low protein diet were administered so as to 
make ammonia excretion greater than urea excretion and is in direct 
contrast to earlier work by the same group (59). Similarly adeno-
sine and adenylic acid which are the preferential sources of ammonia 
formed in muscle tissue were excreted unchanged. At times small 
amounts of ot -amino N were removed from the blood by the kidneys but. 
never in amounts adequate to provide for the ammonia excreted. The 
amide N of glutamine, however, was removed in much greater amounts 
than appeared in the urine, the excess sufficing to provide the ammonia 
removed from the kidney via the renal vein and 60fo or more of the 
, ammonia excreted in the urine. 
In HCl·acidosis the administration of glutamine markedly in-
creased ammonia excretion while in bicarbonate alkalosis there was 
a corresponding decrease in the removal of glutamine from the renal 
blood. In some experiments the small amounts ofQ\-amino N removed 
sufficed to account for the difference between urinary ammonia and 
30.; 
glutamine amide N removed from the blood. 
Archibald has recently demonstrated that glutaminase is present 
in no:nnal human kidneys but _is either present in smaller amounts or 
absent in kidneys of patients who have died of chronic nephritis or 
nephrosclerosis, or who have had arteriosclerotic disease involving 
the kidneys. In addition the enzyme is now known to be present in 
the kidneys of dogs, sheep, guinea pigs, pigs, rabbits and cattle. 
(2, 3) 
From the foregoing it seems that glutamine performs an import-
ant role as the precursor of the major portion of urinary ammonia in 
mammals. Amino acids may be a. minor source, but urea is definitely 
not the precursor of ammonia in urine. (33, 34) A synthesis of 
glutamine from glutamic acid and ammonium salts has long been known 
to occur in plants but uit appears that the data reported provide the 
first direct evidence by experiments in vivo of a physiological 
function of_ glutamine in animals" (60). 
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